The paper reports on the dependence of the absorbance and luminescent intensity from pH of novel poly(oxyethylene phosphate) tris(β-diketonate) europium (III) complexes. The photophysical data obtained allow some preliminary assumptions about the nature of this phenomenon. Increase in luminescent efficiency is a consequence of enhanced efficiency of energy transfer caused by structural changes in complexes after water deprotonation. Remarkable change has been observed in photophysical properties of the polymer complexes by studying the fluorescent emission and excitation spectra and absorption recorded at various pH both in solution and in the solid state. Some of the complexes derivative of the dibenzoylmethane (DBM) show more than hundred times increase in the luminescence after alkalization. The pH value, at which the maximum luminescent efficiency appears, depends on the type of the fourth ligand. The difference between luminescent efficiency of the complexes in alkaline and neutral environment depends on the β-diketonate ligands and on polymer type as well.
Introduction
The need for monitoring of a number of pollutants is a result of different industrial processes and life style of contemporary people. Furthermore, a trend towards an increase in the demands for sensing of different gases in indoor, industrial and bio environments has been established. These demands are different for the different analyses, however, all efforts are aimed at developing more sensitive and stable systems which would give fast and reliable response [1] .
The sensing systems based on the lanthanide complexes have been studied mostly as luminescent sensors in bioassay. Their course of action is established either as a pH dependence or as a ligand displacement assay [2] [3] [4] [5] . In such systems luminescence of the Eu(III) can be "switched on" or "switched off" as a function of pH or of the concentration of different cations and anions [6] [7] [8] [9] [10] . Taking into account the photophysics of the lanthanide excitation, there are three excited states whose energy or lifetime may be perturbed by varying the concentration of those certain ions or molecular species [11] . Here, considering for convenience only pH dependence, the energy of the singlet excited state may be affected by protonation of the organic chromophore. That cause change in the rate constant of the intersystem crossing and sensitivity of the ligands at given excitation wavelength. Second, the protonation may affect the energy of the intermediate triplet excited state which may modulate the efficiency of the energy transfer toward the lanthanide. Finally, the excited lanthanide ion itself is subject to competitive vibrational quenching by energy-matched XH oscillators, especially OH and NH groups [12] [13] [14] . In this work we have been attributed increase in the luminescent efficiency of the complexes to the enhanced efficiency of energy transfer from the excited ligand to the Eu(III) caused by the change in T 1 energy. Moreover, that change in the energy of T 1 is Novel pH responsive luminescent poly(oxyethylene phosphate) tris(β-diketonate) europium (III) complexes due to the structural change in complexes after water deprotonation or phosphate hydrolysis instead of direct protonation of the β-diketonate ligand.
The following references [15, 16] present the other compounds used as a luminescent pH sensors which are different than lanthanide complexes.
Herein we report the emission intensity dependence of novel luminescent poly (oxyethylen phosphate) tris (β-diketonate) europium (III) complexes on pH. The study of the luminescent variation as a function of the concentration of alkaline reagent has been carried out both in solution and solid state. Sodium hydroxide has been used as an alkaline reagent in 2/1 acetone to water solutions of the complexes. Change in the emission of the polymer coated glass plates serving as solid state ammonia sensitive samples has been studied by varying the ammonia concentration (presented in volume percentage). The solid state samples have been placed into quartz chamber filled with air-ammonia gas mixture where the variation in luminescent emission has been recorded under continuous increase in ammonia amount. That sensing effect based on the luminescence dependence on pH of the Eu(III) complexes obtained ( Fig. 1) gives rise to more than a hundred times greater enhance in emission intensity in an alkaline environment.
Bonding of the ternary Eu(III) complexes to water soluble polymers, such as poly(oxyethylenne phosphate)s is the result of our aim to develop the application of these complexes in the bioassay. Using poly(oxyethylene phosphate) as a fourth ligand and matrix for Eu(III) complexes we increase their water solubility. That together with very low toxicity of the matrix [17] , makes these polymers appropriate carriers for insertion of lanthanide complexes to bio media. Relatively long fluorescent lifetime and the narrow pH range of the luminescent sensitivity (see Results and discussion) are the other two features which benefits application of the reported complexes as luminescent pH indicators.
Experimental Procedures

Materials and synthesis
All initial β-diketonate compounds, Eu 2 O 3 , dimethyl phosphonate, N-ethyldiisopropylamine, carbon tetrachloride, propylene oxide are commercial products and were used as supplied. The Poly(ethylene glycol)s (PEG)s 200 and 400 (also commercial products) were dried before use at 100 -110 o C under vacuum below 1 mmHg. The drying process was carried out for 8 hours while bubbling simultaneously a stream of dry argon through the heated liquid [18, 19] .
Synthesis of Poly(oxyethylene phosphonate) (POEPNAT). The transesterification was carried out according to reference [19] [20] [21] [22] Synthesis of Poly (oxyethylenephosphate), (POEPAT). 30 ml of Dichloromethane, 10.33 ml of carbon tetrachloride, and 11.28 g (0.0267 mol repeating phosphonate units) of POEPNAT400 were placed into a three-necked flask equipped with a magnetic stirrer, thermometer, reflux condenser, and a dropping funnel. The mixture was stirred until the full dissolution of the polymer. After addition of 3.25 ml of methanol, a solution of 4.57 ml N-ethyldiisoprophylamine in 25 ml of dichloromethane was added dropwise under stirring at ambient temperature for 30 minutes. The reaction was allowed to proceed for 3 hours. After adding a 2.4 ml of propylene oxide and stirring for an hour the product POEPAT400 was precipitate by addition of diethyl ether. POEPAT400 was purified by dissolution in dichloromethane and reprecipitation in diethyl ether. 
The synthesis of the polymer POEPAT200 was carried out by the same procedure. 9.48 g of POEPNAT200 dissolved in 30 ml of dichloromethane, 14.7 ml of carbon tetrachloride and 4.62 ml of methanol were stirred for 30 minutes until 6.5 ml of N-ethyldiizopropylamine in 25 ml dichloromethane were added dropwise for 30 minutes. The reaction mixture was vigorously stirred for additional 3 h. 3.19 ml of Propylene oxide was added to the mixture and after an hour of stirring the polymer product was precipitate by the addition of diethyl ether. POEPAT200 was purified by dissolution in dichloromethane and reprecipitation in diethyl ether. 
Synthesis of tris (β-diketonate) europium (III)
complexes. 40 ml aqueous solution of 0.352 g (1 mmol) Eu 2 O 3 and 3 ml (6 mmol) 2M HCl were added dropwise to a stirred suspension of 6 mmol β-diketonate in 40 ml of ethanol and ammonium hydroxide (pH 8 -9). The mixture was stirred at room temperature for 30 min. A pale-yellow precipitate appeared immediately and a strong red luminescence could be seen upon UV-illumination. The mixture was stirred for ca. 1 h, subsequently 80 ml of water was added upon cooling to complete the precipitation. The mixture was stirred additionally for 1 h. Most of the ethanol was removed on a rotary evaporator, and the mixture was allowed to stand overnight at 4ºC. The precipitate was collected by filtration through a Büchner funnel, dried overnight in vacuo over sodium hydroxide, and then recrystallized from a hot acetone/ethanol (1:2) mixture to give a paleyellow powder. Synthesis of POEPAT200 and POEPAT400 tris(β-diketonate) europium (III) complexes. The synthesis was carried out in a three-necked flask equipped with a stirrer, thermometer, and a condenser where 0.4 mmol of a corresponding ternary Eu (III) complex in 10 ml dichloromethane was added under continuous stirring to solution of 0.8 mmol 0.267 g POEPAT200 (0.8 mmol, 3x10 -3 mol/g repeating units) or 0.4 g POEPAT400 (0.8 mmol, 2x10 -3 mol/g repeating units) dissolved in 10 ml (20 ml for complexes with POEPAT400) dichloromethane. The mixture was boiled until a half of the dichloromethane was evaporated. Then the flask was cooled and the product was precipitated and washed twice with diethyl ether. Characterization data for Eu1POEPAT200 1 s, iAr) .
The exact position of the 1 H NMR signals from 3.6 ppm to 3.7 ppm were defined by the two dimensional spectra ( 1 H -13 C, 1 H -31 P) because the signals in 1 H spectrum are overlapped and compose a broad multiplet.
Unfortunately, we met the same obstacles analyzing the FTIR spectra. The band for P=O stretching was overlapped by the C-O-C stretching from the polymer chain. Since the exact position of the P=O band could not be estimated not for the pure polymer nor for the polymer complexes, a direct evidence for complex formation between poly(oxyethylene phosphatae) and Eu(III) from IR spectra could not be obtained. The ICP atomic emission spectrometer was used to determine concentration of the Eu(III) in polymers.
Instruments and measurements
1 H, 13 C, and 31 P NMR (400 MHz) spectra, were recorded on a Bruker Avance-400 at room temperature. The 1 H-NMR spectra were referenced to internal TMS, 13 C-NMR spectra relative to the solvent signals (CDCl 3 = 77.0 ppm) and the 31 P-NMR spectra electronically to external 85% aq. H 3 PO 4 . The 13 C multiplicities were determined via DEPTQ spectra. The ICP analyses were made on a Spectroflame D504 ICP -AES. We dissolved 0.03 g of POEPAT200 complexes and 0.06 g of POEPAT400 complexes in 1 ml aqua regia thus the amount of the Europium to be 10mg with respect to theoretical. After the complete dissolution of the polymer the samples were diluted with MilliQ water so the weight concentration of the acid in solution would be 5%. A standard curve obtained by recording the signals of emission of the five standards (Eu 2 O 3 dissolved in the same aqua regia) with known concentration between 0.1 and 10mg/ml was used to determine the Eu(III) quantity in the samples. The UV and fluorescence spectra of the complexes in solutions and solid state were recorded on a Thermo Spectronic Unicam 500 spectrophotometer and a Varian Cary Eclipse fluorescence spectrophotometer respectively. The quartz plates (2x2cm) were coated with polymer using the Laurell single wafer spin processor model WS-400A-6NPP. The thickness of the films was about 1 µm. Those films were obtained spinning 1 ml of solutions of the polymer with concentration 0.01 g/ml (solvent was acetone/water =2/1) for 3 minutes with frequency 200 rpm. The same Cary Eclipse spectrophotometer, fitted with home-build quartz chamber was used for recording the luminescent spectra and decay times of the polymer films at various air/ammonia environments. During the measurements initial volume of the chamber (when it was filled only with fresh air) was contagiously increased by adding of ammonia. The pressure in the chamber was kept at 1.01 kPa all the time during the measurement. A Plus pH -electrode SenTix22 and a Radelkis precision digital pH meter OP-208/1 were used for the pH analysis.
Results and Discussion
Synthesis
The synthesis of the novel poly (oxyethylene phosphate) tris(β-diketonate) Eu(III) complexes possess the following structure (Fig. 1) and comment on the improved synthetic procedure (regarding the Atherton -Todd reaction) are fully discussed and explained in other work [23] .
pH dependence of the spectral properties of the complexes in solution
Here we have studied the change in the spectral properties of the Eu(III) complexes mentioned above. By varying the pH, either by adding alkaline reagent to their solutions or by increasing the ammonia amount in air environment upon the solid sample, one can observes an increase in the luminescent intensity. The effect is the same for both ternary and polymer complexes. In some cases this increase is about one hundred times (e. g. Eu1POEPAT200) (Fig. 2 and Fig. 8 ).
The increase in the luminescence at pH above 6 (Fig. 2) can be related to deprotonation of the water molecules from the inner coordination sphere of Eu(III) complexes [24] . The conclusion is based on the data from UV absorption, fluorescent emission and excitation spectra, lifetimes (LT) measurements and on change in pH as function of the sodium hydroxide added to the solution. Woods et al. claim that the resulting decrease of the number of proximate OH oscillators reduces nonradiative quenching of the Eu(III) excited state and increases Eu(III) emission [25] . However, the main reason for the increase in the luminescent intensity in that case seems to be another one. For example, the tris(2-thenoyltrifluor acetone) europium (Eu(TTA) 3 .3H 2 O) complex, which is similar to those studied here, (the complex with 1, 3-diketonate ligands also has water molecules in its inner coordination sphere [26] ) does not show such an effect. On the contrary, it shows a decrease of the emission at higher pH values probably due to a hydrolysis of the complex. Moreover, substitution of the water molecules from inner coordination sphere of the complexes with D 2 O also does not lead to significant increase in luminescent intensity. Thus we may deduce that the certain roles in that increase in luminescence play the modulation of the efficiency for energy transfer from ligand to metal ion.
As seen (Fig. 3 ) a contagious change in the absorption spectra of the complexes occurs with increase in the pH. It is expressed by a batochromic shift of the long wavelength band. That shift is the greatest for DBM complexes. The maximum of the luminescent intensity and final point of batochromic shift are reached at the same pH value. That means the luminescent efficiency is related to the absorption properties of the β-diketonate moiety (antenna). The batochromic shift reveals a reduction of the energy gap between the ground and the excited state energy levels. A reduction of the T 1 energy also occurs simultaneously with a decrease of the S 1 . This lead to better energy transfer (ET) to 5 D j manifold of the Eu(III) ion [11] . The change in the antenna absorption properties is most probably due to the increased ground state energy levels. That is maybe related to the increase in the -C=O---Eu (ligandmetal) bands and to negative charge in the chelate center as a result from the reduced acceptor properties of Eu(III) after water deprotonation (or -P=O with -P-O -groups substitution [27] ). Hence the complex symmetry is changed as seen in Fig. 4 plotting the changed ratio between 5 D 0 → 7 F 2 versus 5 D 0 → 7 F 1 transition intensities. Although that decrease of the symmetry is not so great (Fig. 4) , it leads to an increase in the f-f transition probability. This fact is in good agreement with the appearance of the 7 F 0 -5 D 2 and 7 F 0 -5 D 1 bands in both absorption and fluorescent excitation spectra (Fig. 5) .
A single "S" shaped dependence can be observed by studying the pH exchange as a function of the sodium hydroxide amount (Fig. 6 and Fig. 7 ) for all nine complexes. That means that only one water molecule from the complex takes part in deprotonation (Eq. (1). For the ternary complexes the maximum intensity is reached when NaOH amount is equal to the complex molarity (Fig. 6) . For the polymer complexes the case is not the same. A few times excess of the NaOH with respect to Eu(III) molarity is needed to reach the intensity maximum (Fig. 7) . Obviously under these conditions some hydrolysis of the polymer takes place. That leads to producing of the phosphate anions some of which are bonded to Eu(III) (Eq. (1) [27] . Looking at the very beginning of the curve (Fig. 7) , a relatively quick increase in the pH can be observed, however the curve very soon gets less steep because a buffer solution composed of the excess NaOH and the sodium poly(oxyethylene phosphate) is being formed. Comparing Fig. 6 and Fig. 7 one can find that the equivalence point for polymer complex is at pH values higher than those for ternary complex. This means the former one is a weaker acid than the latter. This is the reason why the gain of the intensity for polymer complexes is at higher pH values (Fig. 2) . Thus we can change the pH range of sensitivity (around the physiological) by changing the fourth ligand of the β-diketonate europium complexes. [Eu(L) 3 (N) n-1 (A)] -Na + + B
The polymer complexes in the solid state: spectral properties versus ammonia amount variation
Studies on the luminescent intensity dependence on pH in solutions have also been followed by the same experiment with these new polymer complexes in the solid state. The polymer coated quartz substrates serving as samples have been made. The change in the luminescent properties of the polymer complexes have been recorded upon varying the ammonia amount in the sample environment. From Fig. 8 one can see that the samples show a different increase in the luminescent emission. For the DBM derivatives (Eu1POEPAT200 and Eu1POEPAT400) the increase is the most remarkable among those of the other compounds. This can be expected because both the greatest change is in absorption properties of these compounds during ammonia addition and because of their very low luminescence intensity in the pure state (at neutral pH). Furthermore, the effect for Eu1POEPAT200 is stronger than this for Eu1POEPAT400. This is may be due to the higher concentration of Eu(III) units per mass unit in POEPAT200 polymers. The same somehow is valid for the rest of the compounds -the increase for POEPAT200 derivatives in the emission intensity is greater than that for POEPAT400. Most probably this is due to an extremely decreased antenna efficiency of POEPAT400 complexes (see molar extinction in Table 1 ). The absorbance and excitation spectra of the ternary and corresponding polymer complexes have the similar pattern and peak positions, but differ in the molar absorptivities (Table 1) . Obviously the molar absorptivities of the β-diketonate moiety are affected in a different manner by the starting polymers. These differences in the photochemical properties of the complexes are most probably on account of the specific structural changes in the complexes and their interaction with the polymer as a matrix. The length of the oxyethylene spacer between two phosphate groups has a certain role in these interactions as well. The different spacer length could cause the different "crown" effect and twisting of the polymer chain. This results into a better bonding of the P=O groups to the europium center and into an interaction with ligands. These interactions of the ligands with the polymer can be indirect through the Eu(III) ion, or direct when the polyoxyethilene chain is involved. In both cases it leads to a change in properties of the ligand as a light absorbers.
Conclusion
The studies on the luminescence dependence of the poly(oxyethylene phosphate) tris(β-diketonate) europium (III) complexes from pH allow the conclusion that the reduction of radiationless deactivation of the 5 D 0 excited state, after water deprotonation is not the major reason for the increase in the luminescent efficiency. We show that deprotonition of the water from the inner coordination sphere of the complexes leads to a change in the absorption properties of the β-diketonate moiety. A batochromic shift in complexes absorbance can be observed with the increase in pH both in solution and in the solid state. We believe that this change in the antenna properties is a result from structural and charge reorganization around the Eu(III) ion after deprotonation. Due to this effect a better matching of the T 1 with lower lying 5 D 1 energy level takes place. This facilitates the energy transfer from the ligands to the metal ion and leads to an increase in the luminescent efficiency, more than a hundred times in some cases.
We show that displacement of the polymer ligand or water deprotonation occurs at different pH values depending on ligands' type. The maximum luminescent intensity for the polymer complexes is reached at pH values higher than those for ternary complexes due to the weaker acidity of the former. That means by an appropriate choice of ligand we can modify the pH range of sensitivity and the difference in luminescent intensity of deprotonated and protonated Eu(III) complexes. 
